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A~CSPHERICIRON INPdTS ANm PRIMARY
PRODUCTIVITY : PHYTOPLANKTON RESPONSES
IN THE NORTH PACIFIC
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Abstract. As part of the Asian Dust
Inputs.to the Ocean System (ADIOS) project,
atmosphere c dust f Iuxes and primary
productivity were monitored during the
dusty season (spring) of 1986 at 26°N,
155%, in the North Pacific Ocean. The
arrival of major pulses of dust from Asia
was followed by majcr increases in primary
production. Extensive chemical analyses of
the atmospheric particles showed that they
were iron-rich (10-15Z) and, further, that
if only a small proportion (e.g. 10%) of
this iron dissoived in the euphotic zone,
it would be sufficient to support the
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increases in carbon production at this
iocation. The systematic increases in
production noted with increasing depth and
time may result from a continual release of
iron from the settling particles in the
euphotic zone. At all depths, systematic
decreases in production followed the
initial surge in production, indicating
that the phytoplankton may have evolved
from being iron-limited to being nitrogen-
limited. Comparison of particle concen-
trations calculated by a particle settling
model with primary productivity profiles

indicated that mineral particles with
settling velocities equivalent to those of
14 to 18-um-diameter spherical quartz
particles were the most likely source for
the iron stimulating the increases in
primary production.

INTRODUCTION

A host of studies have investigated the
dynamics of oceanic phytoplankton
communities in an attempt to understand the
principal factors that control their
distribution, prod~d~tion, species
composition, a~.d ‘~ariability in time and
space [Goldman et al., 1979; Jackson, 1980;
Marra, 1980; Ryther, 1969; Sharp et al.,

1980; Sheldon et al., 1973; Venrick, 1982;
Walsh, 1988]. It is clear that researchers
do not ::etF.a,ze2 conple:e =adersLanding of

the processes that control primary
production nor of their relative



120 Young et al.: Phytoplankton Responses to Atmospheric Iron Inputs

importance. Fundamental controls that are
recognized as being of greatest importance
include light, nutrients, grazing,
temperature, and settling rates.

Some of the early work in the English
Channel [Harvey, 1937] as well as that in
the Sargasso Sea showed that the major

nutrients (nitrate, phosphate, and silica)
exerted important controls over

phytoplankton populations [Menzel et al.,
1963; Ryther and Guillard, 1959]. In
partic’~lar, the experiments cf ?lenzel an&
Ryther [1961] in the Sargasso Sea showed
the marked response of natural phyto-
plankton populations to additions of
nitrate, phosphate, silica, and iron. Iron
has a particularly crucial biochemical role
in the photosynthetic process and was cited
by Harvey [1937] as being especially
impcrtant for most of the open ocean, which
is, by and large, iron-poor [Landing and
Bruland, 1987]. While the relative itnpor-
tance of iron to oceanic phytoplankton
communities remains unresolved, it has a
depth distribution qualitatively similar to
that of nitrate, phosphate, and silica
[Martin and Gordon, 1988]. The primary
source for the nanomolar quantities of iron
in the mixed layer was, until recently,
assumed to be from vertical inputs of
deeper, iron-rich water [Eruland, 1983].
Duce [1986] showed that although the upward
fluxes of nitrate and phosphate were
sufficient to account for carbon production
in the open ocean, the corresponding upward
fluxes of iron were, given existing
estimates of iron/carbon stoichiometric
utilization ratios, insufficient. More to
the point, he calculated that the
atmospheric input of iron was sufficient to
account for most of the iron dissolved in
surface waters.

Recently, several papers have considered
the possibility that iron may limit primary
production over large reaches of the
oligotrophic ocean [~artin and Gordon,
1988; Davies, 1990] . The culture
experiments of ?iartin and co-workers
[Martin and Fitzwater, 1988, Martin et al.,

1989] with natural populations provide

evidence that open-ocean species respond
rapidly to small additions of iron and,
further, that without additional iron,
large open-ocean areas such as the Gulf of
Alaska and the Southern Ocean around
Antarctica, will continue to be
characterized by high concentrations of
nitrate and phosphate.

Studies of dust and C02 in ice cores

from Antarctica suggest that today’s ocean

is iron-limited. During glacial periods,
iron-bearing atmospheric dust fluxes were
higher and the partial pressures of C02 in
the Earth’s atmosphere were substantially
lower [Delmas et al., 1980; De Angelis et
al., 1987; Neftel et al., 1982] than they
are at present or were during previous

interglacial periods. Martin interprets
the long-term Antarctic record as
supporting the theory that productivity in
(at least) the southern ocean is iron-

linited and that ch.ar.gesin atmospheric CG2
between glacial and interglacial periods
are a result of variations in aeolian iron
inputs (via dust) to this region. We have

attempted to quantify the way(s) con-
temporary primary producers in the open
ocean respond to inputs of iron-bearing
dust .

In ?larch and April 1986, investigators
participating in the Asian Dust Inputs to
the Ocean System (ADIOS) project observed
the fluxes and fates of atmospherically
derived mineral aerosols in the
oligotrophic Pacific. During the 27-day
sampling period, puises of eolian material
originating in Asia moved into our sampling
site north of Hawaii at 26°N, 155% [Betzer
et al., 1988] . ?leasurements of primary
production were made at the same time [Laws
et al., 1987]. As far as the authors are
aware, this is the first time that both

atmospheric iron fluxes and primary
production have been simultaneously
measured in the open ocean. Since major
dust inputs occur~ed during this sampling
period (March-April 1986), the data set
provides an opportunity to address the
question of iron-stimulated production in
the open ocean.

MATERIALS AND METHODS

Concentrations and fluxes of mineral

particles were determined in the atmosphere
and upper water coiumn for a 27-day period
in March-April 1986 at a station in the
North Pacific (26°S, i~~%) aboard the R/V
Moana Wave. Procedures for collection and
analysis of atmospheric aerosols and total
deposition samples for aluminum, an
indicator of aluminosilicate materials,
have been described previously [Betzer et
al, 1988, and references therein].
Basically, a large polyethylene funnel with
a Z-L polyethylene bottle suspended
underneath was mounted at the top of a 10-
>-h~g~ tgwer +Leon . ~,,y.e.>f the Ship.
Samples were collected every 2 days, or
sooner if it rained, by rinsing down the
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funnel and filtering the contents of the
catchment bottle through 0.45-um pore size
Nucleopore filters. To ensure quantitative

-recovery of particles by the first rinse, a
second rinse was checked for particles.

Mineral fluxes in the water column were

estimated with free-drifting sediment

traps, some of which were fitted with
programmable sample changers which isolated

a sample every 4 hours [Costello et al.,
1989] . Traps were deployed at depths of

37, 127, 400, 900, 2200, and 3500 m.
Atmospheric and water-column samples

were analyzed using computer-controlled

scanning electron microscopy (SEM) and
energy dispersive X ray analysis (EDXA).
Each particle was measured (length and
width) and then chemically analyzed for 5s.
For consistency, particle size is expressed
as the diameter of a volumetrically
equivalent sphere. This volumetrically
equivalent spherical diameter (ESD) is
determined using the volume of the original
particle calculated either as a prolate
ellipsoid if the length:width ratio of the
particle is < 3:1, or as a cylinder if
lehgth:width >= 3:1 [see Carder et al.,
1986]. Particles were ultimately tallied by
ESD sizes and chemical classes as
determined by relative proportions of Si,
Al, Fe, Ti, Mg, and Ca.

The primary productivity studies were
performed using the clean sampling and

incubation techniques described by Laws et
al. [1990]. In order to simulate light
quality as well as quantity, light was

attenuated in on-deck incubators with a
combination of neutral density filters and

blue and blue-violet Rohm and Haas

Plexiglas filters (numbers 2069 and 2424,
respectively ). The incubators had visible

light transmission levels of 100, 35, 18,
3.5, 1.0, and 0.1% of subsurface (0.5 M)

photon fluxes. To determine the depths
corresponding to these light intensities,

photon fluxes in the water column were

measured at local noon on the 6ay after the
ship arrived on station using a spherical
quantum sensor (LiCor model 193SB) which
was attached to a frame mounted on the top
of a Seabird conductivity-temperature-depth
(CTD) system. The CTD system was used to
locate depths accurately and to provide

hydrographic data. On-deck photon fluxes
were simultaneously monitored with a LiCor

mode 1 190SB cosine-corrected quantum

sensor. outputs from both sensors were
integrated for 1 min and submarine photon
fluxes calculated as a fraction of surface
photon fluxes by a LiCor model 1000 data

logger. The output from the deck-mounted
sensor was integrated by the data logger
from dawn to dusk to determine daily
surface irradiance. Continuously flowing
surface seawater was used to maintain the
temperature in the incubators. On days
that productivity was measured, the average
in situ seawater temperature differential
between surface and 150 m declined about
1.30C.

All water samples were obtsined using
30-L Teflon-coated Go-F1o bottles (General
Oceanics) which had been rinsed with 1.5 N
HC1 (Baker, instra-ar,alyzed) . Hydrocasts
were started at approximately 0400 local

time, and incubations in .4.4 L

polycarbonate bottles were begun just
bef e sunrise with the addition of 1 mL of
~aH?z,03 Sy,ution

(spe~~fic activityof 15-
25 Ci mo~-s 500 ‘ci~i, ~~t~~~y~~~~~

lasted 24 hours and
. .

sample bottles was measured by the addition
of 0.5 mL of sample water to 0.2 mL of a
1:1 solution of phenethylamine:methanol

It
verson et al., 1976]. Total particulate
C activity was measured by filtering

triplicate 100-mL sample aliquots onto
Whatman GF/T glass fiber filters at sunset

and after ~~ hours. To drive off residual
Inorganic C, the fiiters were stored in
scintillation vials containing 1 A of 10%

HC1 [Lean and Burnison, 19?9; Goldman and
Bennett, 1985]. A time zero blank was

subtracted from all productivity samples in
accordance with the recommendations of

Morris et al. 14 [1971]. Because
nonphotosynthetic C uptake may occur at
very different rates in the light and dark
[Hecky and Fee, 1981], dark bottles were

not used as corrections for
nonphotosynthetic processes (i.e., gross
daylight productivity values are reported).

Inorganic carbon concentrations were

determined by titration [Strickland and
Parsons, 1972]. Radioactivity measurements
were made by liquid scintillation counting
using an Aqueous Cc,~ting Scintillant (ACS
from Amersham) as the fluor on a Searle
Analytic Delta 300 liquid scintillation
counter. Quench corrections were made
using the external standard ratio.
Activities were converted to uptake rates
using the equations of Strickland and
Parsons [1972].

A particle transport model was written
to simulate the advection and diffusion of
particles injected intc the mixed layer
during the study period. The raw input
data consisted of individual SEM EDXA
analyses for more tiisn 60,000 eolian
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particles collected at the sea surface
during 615 hours of continuous sampling.

The individual particle size data from the
“ SEM EDXA were transformed into a smooth,
continuous, mass-flux, input function using

an Akima semispline fitting function

~Ruckdeschel, 1981].
Particle-settling velocities w

(centimeters per second) were determined
for individual particles utilizing the
shape-dependent Stokes settling equation

[Lerman, 1979; Carder et al. , 1986]. Fcr a

sphere the equation is

g x (Pp - pm) x D2
w= (1)

18xn

s-?); , and ,
wh re g is the gravitational constant (cm

are the densities (grams
per cub?c centimeter) of the particle and
of the medium respectively; D is the

diameter (centimeters) of the
volumetrically equivalent sphere, and n is

the molecular viscosity (grams per

centimeter per second) of the seawater.
The individual particle densities were

determined through elemental analysis using

the SEM EDXA. Each particle was assigned
to one of eight velocity classes
representing particle settling velocities

-1ranging from 2 to 154 Mm s .
Particles in the mixed layer are subject

to the physical processes of advection and
eddy diffusion. To preclude artificial
diffusion from occurring in the model,

numerical stability must be obtained by
requiring the time step t (seconds) and bin
depth z (centimeters), together with
particle-settling velocity w and eddy
diffusion coefficient k (cm2 S-l) to meet
the following requirements [Roache, 1982]:

-1 ~ (~)c/2 + d ~ 1 (2)

where~: wtlzistheCourantnumberandd
= kt/z 1s the diffusion number. The mOSt
restrictive form of the above inequality is

Wtlz + 2ktJz2 ~ 2 (3)

In order to avcid errors due to numerical
dispersion, we chose to set the left-hand
side of the above inequality equal to 1.
This yields the following time step:

t = [2k/(z2) + w/z]-l (Ll)

This time step is simply the time it

takes for a particle to fall one sample bin
distance in the absence of eddy diffusion.
With eddy diffusion, the maximum transport
distance for a particle in one time step is
exactly equal to one sample bin distance.
Also, eddy diffusion dominates advection
when k exceeds the particle-settling
velocity times one-half the bin depth.

A series of known input functions
(delta, ramp, and transcendental) were
used to test the transportive and
ccrservative properties cf the model. With
w and k set equal to and greater than O,

respectively, the various functions
retained both their shapes and integrated
numerical values. The three important
properties of the model are that (1) the

surface (upper boundary) is reflective with
respect to both advection and diffusion

(forward difference), (2) the bottomcf the

mixed layer (lower boundary) is reflective
for diffusion (backward difference) but
allows particles to advect through the

boundary and out of the model space, and
(3) the interior of the model allows
centered difference diffusion and forward
advection with depth and time [see Roache,

1982].

RESULTS AND DISCUSSION

According to routine meteorological
reports from China, a major dust outbreak

occurred in 1986 between March 15 and 17.
Isentropic trajectory analyses at 300°K

revealed that the large influxes of “giant”
dust particles (greater than 100 ~m ESD)
observed on the ship between March 26 and
31 (Figure la) came from northern China.
These analyses also revealed that the
transport from Asia to our study site
required some 7 to 11 days [Betzer et al.,
1988]. Prior to this event, a smaller
outbreak occurred which caused an influx of
high-iron content dust to our study area on
March 23. This siiggests that our study
began just as the first significant influx
of Asian dust for the month of March
arrived at our station.

The influx of particles observed on
April 6-8 (Figure la) were associated with
trajectories having an intermittent Asian
origin. A dust cloud observed on lidar
profiles taken over Japan on 1 to 2 April
(Y. lWasaka, personal co~unication, 1987)
is consistent With a trajectory reaching
the study site on April 8. A small dust
outbreak was observed in northern China on
April 8, and isentropic analyses indicate
that it was the source of the fine aerosols
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Fig. 1. Particle flux and size as a function of time fcr ~;.-ing
1986 at 26°N, 155°W: (a) mineral aerosol mass flux and particulate
iron mass flux; and (b) mean particle diameters and numerical flux
of mineral particles larger than l-~m area-equivalent diameter.

reaching our ship on April 16-17 (Figures
la and lb).

The average daily wind speed during the
study (Figure 2) corresponded rather well
with the flux of fine dust (<25 um ESD) to

the sea surface (not shown in ~igure l). A
correlation coefficient cf r = 0.73 was
found between the mass fluxes of 15 dust
samples and wind speeds averaged over the
particle collecting inter~~als. ~llr~~g the

late March and April influx periods,
significant increases in wind speed

accompanied the arrival of dust-laden
fronts. Between April 7 anti 11, winds were
high enough to cause a complete cessation

Of sediment trap deplo>me~.z and retrieval
activities.

The high-wind events, while delivering
iron-rich dust to the st.c?v site (Figure
la), also influenced the density structure
of the water column. After Xarch 22 the
Wztgr ccl~&?.P.‘+,2s h.,---- ...... :___ ~~,e,.”.,,”~c..”u> AL“,’,
surface to 120 m. The cab, sunny period
on March 2b-25 stratified :he upper 10 m,
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Fig. 2. Daily average wind speed
ADIOS expedition.

front on March 26 rehomogenized
water column. Some stratifi-

cation below 40 m gradually became apparent
after March 29, but the water column again
became thoroughly mixed to 120 m by April
8. The profiles remained homogeneous until
April 16, when stratification in the top 10
m due to solar heating became apparent.

The major dust influx events (March 26-
31, April 6-8, and April 16-17) consisted
of aerosols having markedly different
characteristics (Figures la and lb). The
event beginning on March 26 provided
“giant” particles greater than 100um ESD
[see Betzer et al., 1988]. In contrast,
particles that were deposited between April
6 and 8 contained no such “giants,” even
though they were associated with the front
that produced the highest wind velocities
observed during the study. The number of
particles (Figure lb) coilected on April 17
wher. wind velocities (Iigure 2)

~c:fa~?dto minimum values was over 13 x 10 m d .
This was more than twice the number cf
particles collected during the March 26-31
event, although the mass flux was much less
due to the smaller size of the particles.

Aerosol deposition samplers depend on
unimpeded particle settling to collect
unbiased samples. Since fine particles
settle much more slowly than larger ones do
and are ncre s~~sceptible to ad~recticn and
eddy diffusion processes, the collection
efficiency of these samplers depends on

(meters Per second) for the 1986

both the particle size distribution in the
atmosphere and wind velocity. For these
reasons, particle distributions in the
various samples may not always be directly

comparable to one another. However, they
represent the best measure of the actual
flux of particles to the ocean surface.

The marked difference in the size of
deposited particles within and between
events also affects the distribution of

particles with depth in the water column
over time, and the relative availability of
iron and other minor nutrients associated
with particle surfaces. Since dissolution

occurs at particles surfaces, we compared
the iron mass flux to the surface area flux
for various size classes of atmospheric

particles collected during the study

(Figure 3). The resulting curve suggests
that over the entire study period, iron is
most available for dissolution from the 8-
pm-ESD size class. k~ile particles smaller

than 8 UrnESD have larger ratios of surface
area to volume, their total contribution
was just over 20% of the total aerosol iron
flux to the ocezn during this study. This
was due to both their lower iron ccntent

and smaller mass flux (see Table 1).
A quartz-equivalent spherical diameter

(QESD) is similar to anESD except that the
volume of the sphere from which the
diameter is calculated is adjusted b>,the
density of the original particle to yield
an equivalent quartz sphere of density 2.65
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Fig. 3. Atmospheric iron flux versus the flux of total particulate
surface area to the study site for various particle size classes
based upon analysis of 60,000 mineral particles collected during

ADIOS . The third-order regression equation shown fits the data with

a correlation coefficient better than 0.99. Points are labeled with
the middle diameter (w) of the size classes.

g cm‘3 that has the same settling velocity
as the particle. This transformation is

useful to simplify the description of the
settling velocity classes discussed in this
paper.

Particles in the 7 to 22-Um-QESD size
range averaged more than 12Z iron, while

the 11 to 14-ym-QESD class consisted of
15.5% iron (see Table 1). Because of the
large mass flux in the 14 to 18-Pm-QESD

range, this class provided the greatest
influx of iron to the ocean during ADIOS.
While these calculations represent averages
over the entire 27-day study period, the

contributions from individual 2-day

collections varied significantly in

particle composition (e.g., density,

mineralogy, and shape) and size [see Betzer
et al., 1988]. The effect of each of these
variations on particle settling speed is

included as input data for the particle
dynaiiics model that is disccssed below.

In terms of transporting iron and other
trace metals to depth, the larger-QESD
particles ‘nave the greatest settling
velocities. Conversely, these particles

have the shortest residence time iz the
euphotic zone, permitting less time for

TABLE 1. Average Daily Particulate Mass and Iron Fluxes of Minerzl }.erosols

Collected Between March 22 and April 19 at 26°N, 155°W, by
Quartz Equivalent Spherical Diameter (QESD) Size classes

QESD, urn

<1 1-3 3-5 5-7 ~-g 9-11 11-14 14-18 18-22

Mass Flux 0.74 4.30 8.97 12.22 13.74 17.0 20.67 30.48 23.48

Percent Fe 5.5 9.4 10.6 9.7 12.i ii.4 i5.5 i3.O i2.9

Fe flux 0.04 0.40 0.95 1.19 1.66 1.94 3.20 3.96 3.03

Fluxes are in pg m-2 d-l. For larger particles, see Betzer et al. [1988].
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dissolution processes to remove iron. Thus
the unknown ratio of settling to

dissolution rate will play an important

role in determining which size class

provides the most dissolved iron to the
euphotic zone and where within the euphotic
zone that iron becomes available.

Vertical mixing will also have a smaller

relative effect on the distribution of the

larger particles except perhaps during the
most severe wind events associated with
f~ontal passages. ‘Jecan gstn s~me ;nsig?,t

into the dissolution rate question by
observing the response of phytoplankton
growth rates during the deposition of iron-
rich mineral aerosols at our North Pacific
site.

The response of the phytoplankton to
rapid-mixing events followed by large
influxes of dust at the surface can be
illustrated in a numbe~ of ways. The
correlation coefficient r between primary
production and wind speed was 0.82 (n=6),
close to that for the influx of fine dust
(<25 ~m ESD) versus wind speed averaged
over the aer sol collection interval, which

~ = ~.j’~ for n=15.again is r Only
fractions finer than 25 pm ESD are
considered in this calculation because
large, iron-poor particles would probably
settle through the euphotic zone too
rapidly to release enough iron to
significantly enhance primary productivity.

The primary productivity data in Table 2
can be used to calculate iron demand by
phytoplankton for comparison with eolian
iron availability (Figure 4). Allowing an
average of 4 days for the phytoplankton to

respond to the iron input from mineral
aerosols and assuming 10% of the eolian
iron influx dissolves [Moore et al., 1984]
within the euphotlc zone provides the best
agreement between “iron availability” and
“planktonic stoichiometric iron dmand”
integrated over the euphotic zone. This
“demand” is based upon estimating the iron
required to support the observed growth
assuming the minimum Fe:C requirement
(1:130,000) found in laboratory studies for
a cazstsl p~,ytopls?,ktanspecies [Anderson

and Morel, 1982].
An evaluation of the fraction of

particulate iron dissolved during the ~

days required for an 8-I.Im-ESD mineral
particle to settle into a sediment trap at

37 m depth was carried out by comparing the

iron content of aerosols (10%) collected
with our shipboard sampling tower to those

observed in the sediment trap (8%). In
both cases the analyses were carried out on
particles in the 6 to 10-m class and
restricted to those whose chemical
signatures (SP.M EDW) linked them to the
atmosphere. This 2Z reduction in the
particulate iron fraction suggests that
roughly 20% of the iron associated with
mineral aerosols dissolved in natural
seawater in 7 days. This is within the
range of iron dissolution values determined
by Moore et al. [1984] and subsequently
expanded by Maring and Duce [1987], and
Zhuang et al. [1990], who found that 10-50%
of aerosol iron dissolves in seawater.

One novel Wzy to estimate the
atmospheric flux of soluble iron to the
ocean may be through the use of atmospheric

TABLE 2. Primary Productivity by Depth and the Integrated Total to 150 m
at 26°N 155% During ADIOS

Depth, m

Yzrch 25 ?larch 29 April 1 April 4 April 6 April 14

0 3.94 1.55 2.44 3.46 3.50 3.19
20 3.68 5.32 4.15 3.77 4.60 5.12
40 3.02 4.10 3.48 3.18 3.64 4.21
80 3.05 2.86 4.01 4.70 3.78 6.25
100 3.00 2.18 3.11 6.60 3.89 4.06
150 0.35 0.77 0.30 0.54 1.09 0.27
Total 372 426 449 591 513 605

Depthd ata are inmg Cm-3 d-l. Total data are inmg Cm-2 d-1.
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Fig. 4. Stoichiometric iron demand by phytoplankton required to

support the increase in productivity noted, compared with eolian
iron availability during ADIOS. The iron availability curve
exhibits a 4-day phase lag relative to mineral aerosol collections
made on the ship.-

210Pb fluxes. Turekian and Cochran [1981]
an~2~~rekian et al., [1989] combined the

pb ratio mea~f~ed in aerosol samples

with the measured Pb flux to obtain an

estimate of the atmospheric Al flux to the
ocean in the North Pacific. From

comparison of this calculated flux with a
directly measured Al flux, it was observed
that the calculated flux was less than the
measured total Al flux but was similar to
the flux of Al which would dissolve in the
ocean. The reason for this is unclear, but

it may apply to iron as well, although it
is known that the iron present in mineral
aerosols is considerably more soluble than
the aluminum [Zhuang et al., 1990; Maring
and Duce, 1987].

In short-term (2 hour) reaction experi-

ments with mineral aerosols in seawater (PH
8), Moore et al. [1984] found that 10% of

the particle-associated iron dissolved

relative to aluminum, which was assumed to
be insoluble. Later, Mar ing and Duce

[1987] found that 5-10% of the aluminum
dissolves, resulting in a larger fraction
of the particulate iron (15-20%) dissolving
than was indicated bv Moore. These

experiments dealt with aerosols from the
maritime Atlantic which are distinct from

those being
Pacific from
times for
particulate

transported into the North

Asia. Nonetheless, transit

the iron-rich atmospheric
moving through the euphotic

zone of the North Pacific (transit times

ranging from over 600 hours for 9-pm

particles to over 100 hours for 22-pm

particles) provide at least 50 times longer
for dissolution processes (100 hours versus
2 hours) than was permitted in the above
experiment. In addition, these mineral

aerosols were transported in the atmosphere
with corrosive, fine-mode acid sulfates
(Clarke et al. [1987] and references cited

by Zhuang et al. [1990]). Thus aerosol
iron was probably immersed in essentially a
sulfuric acid solutisn during its transport
across the North Pacific. The strong acid
would have had a week or more to dissolve

the iron, making it considerably more
labile than it was when it started its
journey in China.

In their study of aerosol-seawater
interactions, Zhuang et al. [1990] found
that dissolved iron concentrations
increased to saturated equilibrium
concentrations of 1O-2O nmol per kilogram
seawater in just a few minutes. Once these
concentrations were reached, relatively
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little additional iron dissolved.
Therefore, it may not be possible to say

that a certain percentage of particulate
iron dissolves without knowing the total
iron concentration in seawater.

On the basis of these studies, it

appears that particles settling through the
euphotic zone dissolve iron from their

surfaces at rates dependent on the deficit
in the equilibrium concentration, which may
be a function of the assimilation rate of
phytoplankton at various depths. The
eolian particles, when present in
sufficient quantities, may thus be acting
as mobile reservoirs of iron that
continuously provide enough dissolved iron
to maintain e uilibrium concentrations of
10-20 nmOl kg % in the upper water column.
This may explain how the iron can be both
readily available for dissolution and

continuously available throughout the
euphotic zone.

It seems likely then that at least 10Z
of the mineral aerosol iron associated with
the Asian dust dissolves in the euphotic

zone of the North Pacific. While the
calculations described above are
simplistic, they do suggest that even after
settling to the base of the euphotic zone

(settling times between 4 and 25 days),

aerosols could still provide iron to
phytoplankton.

The increase in primary productivity
values leave little doubt that nitrogen was

available to primary producers even th ugh
-Yit was typically less than 0.2 pg-at.L in

the top 100 m (data published by DiTullio
and Laws [1991]). The exception is on
April 4 when ‘he -y”g ;:;;r:;i:
averaged 0.43 ug-at.L
with a maximum value at the surface of 0.67
pg-at.L-l. At the

o

150

Fig. 5. A

productivity rate

measured in our study area, DiTullio and
Laws [19911 calculated that this was enough
N to provide for 5.8 days of new production
in the upper 40 m of the euphotic zone.
The substantial decrease in N03- concen-
tration between the surface and 100 m,
6N03 ‘=0.42 pg-at.L-l, suggests that rather
than being upwelled during wind-induced
mixing, nitrogen oxides were delivered to
the sea from the atmosphere. By April 6,
average N03- concentrations in -~he upper
100 m decreased to 0.15 ug-at.L , ~~d on

April 14, they averaged 0.08 Ug-at.L .
Eolian phosphorous fluxes were estimated

using the individual particle analysis data
from the SEM ED~ system. Stoichiometric
calculations using these data suggest that
even if 100Z of the eolian phosphorus
dissolved, less than 1% of the observed
primary production could have been
supported. Thus dust-borne phosphorus by
itself cannot explain the changes in

primary production that were observed with
time and depth.

Figure 5 is a two-dimensional plot of

the primary production values in Table 2
ranked by depth. From contours drawn
around the top three ranks it is clear that
growth rates are enhanced in a systematic
fashion, starting in near-surface waters
and moving in time toward the base of the
euphotic zone. The diagonal contour
starting on March 25 can be interpreted as

a productivity response to the large iron
input measured on March 23 (Figure la).
Although ue sampled only the tail end of
this event, the iron content of the mineral
aerosol flux was nearly 35% (Figure la)
making it the highest measured. In
addition, 16Z of this iron was transported
by particles in the 14 to 18-Mm-class,
which

Date

03/25 03/~9 04/0!

could perhaps explain the well-

04/04 0AjG6 64;;4

5 6

4 :

two dimensional piot c,f J. .--:--- .. -!..-,the primary proutiLLLU41VdAU=S irL

Table 2 ranked by depth.
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defined nature of the growth enhancement
contoured in Figure 5. This trend in
phytoplankton response is consistent with
iron dissolution from settling particles
with a QESD of about 14 m znd a lag of 3

to 4 days before significant increases in
growth are observed.

The next two iron input events (March 31
and April 6; see Figure la) appear to have
combined together to produce a more
prolonged productivity enhancementt
throughout the euphotic zone (Figure 5;
April 4, 6 and 14). The initial
productivity response to the March 31 event
occurs in the surface sample taken at 0400
on April 4. By April 14 it had mixed with
iron deposited during the April 6 event to
create a broad band of high productivity
extending from 20 to 100 m deep. This
generated the highest integrated primary
productivity-2meas red during this study,
605 mg C m d-~ (see table 2). The
divergent contour of the productivity
enhancement caused by these events
precludes making a similar estimate of the
QESD of the particles responsible for it.
However the next section considers the
results of a particle dynamics model that
more precisely defines particle
trajectories in the water column from the
aerosol deposition data.

In general, the sequence of increasing
primary productivity down the water column
is not consistent with mixing nutrient-rich
water into the lower portion of the
euphotic zone. In such a case we would
expect to see the producers which are
nearest the nutrient source respond first

(i.e., those at about 100 m). The
systematic depth-time responses noted in
the North Pacific are consistent with an
iron-limited system that initially responds
to the iron released from mineral aerosols
settling through the water column. of
course, if nitrogen enrichment is also
provided by aerosol influxes [DiTullio and
Laws, 1991], a similar pattern could
evolve. However, most aerosol N enrichment
would be expected to occur rapidly near the
sea surface and not be distributed to depth
over time in the nondiffusive manner
suggested by Figure 5.

It is interesting to note that the
enhancements in primary productivity found

between 40 m and 100 m were relatively
brief events. After reaching a peak on
April 4, for example, productivity at 100 m
decreased over 4G% by April 6, sugges~ixg

productivity was being limited- This

decrease could hardly have been due to a

light limitation since the productivity at
150 m for the same period showed a 100%
increase. It is possible that the supply
of atmospheric iron at 100 m was exhausted
by this time, th~s ~aking it the limiting

factor. However, it is also plausible that
the system responded to the atmospheric
iron to the extent possible and in so doing
evolved from being iron-limited to being
nitrogen-limited. The question involving
such a transformation in the euphotic zone
will be explored in the following section.

MODEL RESULTS

Results of calculations using a particle
dynamics model are only presented for
particles in the 9 to 22-vm-diameter range
of the size classes shown in table 1.
Larger particles reside in the euphotic

zone only for a period less than 3.5 days
[see Betzer et al., 1988]. They also have
smaller values for factors important to
dissolution kinetics, e.g., iron content
and ratios of surface area to volume (see

Figure 3). Particles smaller than 9 urn
QESD settle slowly enough that their fall
velocity would transport them to depths

less than about 30 m in approximately 6
days. Thus any iron dissolved from this
size class would largely be restricted to
the upper portion of the euphotic zone.

To calculate the concentration of
particles at any depth, combined fluxes due
to settling and diffusion were modeled.
This required that each particle analyzed
by SW EDXA be characterized in terms of
length, width, area, and mineralogy
(inferred from elemental chemistry) *using

the methods described by Carder et al.
[1986]. The particle mass was obtained by
multiplying the density appropriate to a
given r.ineral class hy the volwe derived

by either (1) assuming prolate ellipsoids
of revolution for particles with
length:width ratios shorter than 3:1, or

(2) assuming a cylindrical form for
particles with longer ratios. Settling
velocities were then calculated with the
equations provided by Lerman [1979], and
the entire population for any collection
was separated into nine different settling
classes.

Because any given settling velocity
class may contain particles with densi y

-5values ranging from ca. 2.6 to 5.2 g cm ,
we have chosen to present the results in

term,s cf quartz-eq”u~”~alant-spherical (QES)
volume and diameters. Since most of the
settling classes contain 10 to 15% iron by
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Fig. 6. Model-derived concentration profiles with depth for
particles in various settling classes: (a) March 25, (b) March 29,

(c) April 1, (d) April 4, (e) April 6, (f) April lfI. Th~leddy
diffusion coefficient for the simulation results is 10 Cm2 s .

mass, a convenient way to estimate the Model-derived particle concentrations as
particulate iron availability at any depth a function of depth and time are shown in

is to multiply the QES volume concentration Figure 6. The water column at the study

by the density of quartz (2.65 g cm-i) and site was generally well-mixed down to 120 m

by 0.1. with a viscosity of 1.05 CP and a density
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of 1.02 g cm-s. The vertical eddy
diffus”on coefficient k was assumed to be
10 Cln$ s-’ for the study period. Eddy

.> ;1
di fus’on coefficients as small as k = 1

did not significantly change the
dispersal patterns for particles larger
than about 14 ~ diameter.

The data shown in Figure 6 include only
those particles reaching the sea surface
after March 22. While we have no certain
knowledge cf the atmcspher?c fl~~xes prfcr
to our study, dust reports from China
suggest that no major influxes of dust from
that source occurred earlier in the month.

The temporal sequence of panels selected
for display in Figure 6 corresponds to the
dates when primary productivity
measurements were made (e.g. see Table 2).
The availability of mineral particles in
various settling classes as a function of
depth will be discussed relative to the
measured biological response.

Using a concentration value 106 Wm3 m-3

as a marker of “earliest availability” for
iron at a given depth, iron in the 14 to
18-vm class became available at 35 m on
March 25, at 80 m on March 29, at 105 m on
April 1, and well below 120 m by April 4

(Figure 6). The 18 to 22-Bin class

proceeded more quickly to depth, but &as
neither as abundant (Figure 6) nor as iron-

rich (see Figure 3). The time period

between “earliest availability” of iron at
depth and detection of significant
enhancements in productivity was about 3 to
4 days.

Comparing Figure 6 with Table 2, it is
apparent that the time lags between the
influx of the 14 to 18-um class through the
air-sea interface on March 23 and the

observation of increased productivity at
depth were 6 days at 40 m and 8 days at 80
to 100 m. In both cases, maximal
productivity occurred three days after the
14 to 18-~m class first arrived at these

depths. Total water column primary
production increased over 30% between April
1 and 4 after (1) iron from the March 29
influx (see Figure la) had stimulated
production at the surface, (2) productivity
between 20 and 40 m was not yet severely
limited by lack of nutrients [DiTullio and
Laws, 1991], and (3) productivity between
80 and 100 m was stimulated by iron that
had reached these depths from the March 23
influx (Figure 6d). Note that the highest
primary productivity for the entire study
occurred at 100 m on Aprii 4 (Table 2).
However, mixing across the nutricline was
probably inadequate after April .4 to

support this maximum growth rate, causing a
drastic decrease in productivity at 100 m
on April 6. Since Figure 6e shows iron-

bearing aerosols were abundant at this

depth and time, it is likely that nitrogen

limitation was responsible for this

decline. The major wind event of April 7-

11 (see Figure 2) reverseclthistrendby
bringingdeeper,nutrient-enrichedwater
intothe euphoticzoneand transporting
additional iron to the study area (see

Figure la). Recall that by April 8 the top

120 m of the water column had been
homogenized.

By April 14 a wide range of sizes of
iron-bearing mineral aerosols were
distributed throughout the euphotic zone
(Figure 6f) resulting in the highest

integrated total water column production

for the study. The integrated primar

pr ductivity on this date was 605 mg C m
-3

d-? , an increase of over 60% from the first
sample taken 20 days earlier (Table 2).
This large increase resulted from the
significant productivity increases between

20 m and 100 m which are consistent with

the prior passage through these depths of
high concentrations of particles in the 14
to 18-um-QESD size class. Iron from
smaller particles in the 11 to 1~-~ and 9
to 11-um-QESD classes probably continued to
support primary producers until major
nutrient limitation became a factor in

their growth response to the eolian inputs.
In swary, four distinct periods were

delineated at our site in the north-central

Pacific gyre: (1) a brief period when we
first arrived on station when primary
production was, by and large, limited by
the availability cf iron; (2) a period when
primary production was stimulated by iron-
rich, mineral aerosols settling through the
mixed layer; (3) a period when this iron-
enhanced production probably drove the
system to nutrient limitation; and (4) a
period during the last part of the cruise
(April ? to 16) ~’hez a combination of dust
inputs and wind-driven mixing provided both
sufficient iron and nutrients to support
the highest pri=ary production measured
throughout the water column during this
cruise.

CONCLUSIONS

1. During a period of high influxes of
atmospheric dust (March-April 1986) to the
north Pacific Ocean (25°N, 155%), primary
production increased mere than 60%.

?-. lnc~ea~es i?. productivity -were fiYSt
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observed near the surface; subsequently,
they were noted at ever increasing depths
in the euphotic zone. The increase in
productivity at a given depth followed the

model-derived arrival time of iron-rich
particles in the 14 to 18-w-QESD settling
class, implicating iron-rich settling
particles in stimulating increased primary
production.

3. The systematic shifts in primary
production with depth and time suggest that
when the %rcn-rich dust first arrived, ?he

primary producers were iron-limited, and
subsequently, primary productivity was

stimulated to the extent possible before it
was probably limited by other nutrients.

4. The observed increases in primary
production can be explained by the

dissolution of only 10% of the iron
associated with the mineral aerosols that

were deposited during the study.
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